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AN OMNIDIRECTIONAL FM MONITOR HYDROPHONE
FOR LOW-FREQUENCY TOWED PROJECTORS

1. INTRODUCTION

When a reference hydrophone of conventional design is used to monitor the sound pressure
level of a towed underwater sound projector through a common tow cable, the results are
generally unsatisfactory. Unintentional coupling of the projector signal into the hydrophone
conductors causes severe degradation of the hydrophone signal. This interference, called
crosstalk, occurs because of capacitive and inductive coupling between the projector and sensor
lines in the tow cable.

The coupled signal is, in effect, added to the monitor signal in the cable. Because the
monitor signal and coupled signal are at the same frequency, the unwanted coupling often goes
unnoticed, and the corrupted monitor signal is incorrectly interpreted as representing the true
sound pressure level (SPL).

The crosstalk problem is aggravated by several factors. First, tow cables often do not have
shielded wires available. Shielded wires are less susceptible to coupled interference, but they are
not always available for use by the hydrophone. Second, tow cables are often quite long.
Capacitive coupling between individual conductors in the cable increases with cable length.
Third, high voltages or currents are often delivered to the projector via the tow cable, placing
high-level signals close to the low-level hydrophone output signal. Coupled interference is
directly proportional to the amplitude of the interfering signal. Finally, as signal frequencies
increase, the degree of unwanted coupling also increases.

Before development of the H91 Monitor Hydrophone System (hereafter referred to as the
“H91 system™), several unsuccessful methods were tried for dealing with crosstalk. These
methods included the use of separate cables, laced together, for the hydrophone and projector
signals and the use of a separate vessel to tow the monitor hydrophone. Both of these methods
proved impractical. Another attempt to avoid the problem dispensed with the monitor
hydrophone altogether. This method used the calibrated transmitting response curve of the
projector to determine the SPL for a particular drive level. However, the curve was valid only at
the temperature and pressure at which the calibration was done.

If the harmful effects of crosstalk could be defeated, the most practical monitor for an
underwater projector would be a hydrophone stationed at a fixed distance from the sound source,
operating through the same tow cable. The H91 system has been developed at the Naval
Undersea Warfare Center, Underwater Sound Reference Detachment (USRD), Orlando, FL,
specifically to overcome the problem of crosstalk in a multiconductor tow cable. The H91
system, therefore, provides an accurate measurement of projector SPL while using a single tow
cable for both projector and hydrophone.

The HI1 system solves the crosstalk problem by using frequency modulation (FM) for the
hydrophone signal. This method, widely used for radio communications today, carries the
information in the hydrophone signal as frequency variations rather than amplitude variations.



Crosstalk primarily corrupts signal amplitude, but it has little effect on its frequency. The H91
receiver reconverts (demodulates) the FM hydrophone signal to ordinary audio with excellent
fidelity even in the presence of strong crosstalk.

The HI1 system has been available as a USRD standard for about 10 years. Over time,
USRD has made improvements to enhance system performance and reliability. Currently, the
HO91 system electronics are being updated. The new version will be called H91D to distinguish it
from earlier versions. This report discusses the overall design of the H91 system and details the
HI1D electronics. The H91D will become the off-the-shelf version of the H91 system.

Figure 1 is a diagram of a towed projector using the H91 system. The H91 sensor converts
acoustic energy in the water into an electrical signal, which is then passed to the preamplifier
where it is conditioned and converted to an FM signal. The FM signal is passed up the tow cable
on a spare wire pair to the receiver on the ship. Along the way, the FM signal becomes
contaminated by audio crosstalk. Filtering and limiting at the front end of the receiver remove
this crosstalk. The signal is then demodulated, and the output is made available at a front-panel
connector.

H91 RECEIVERWITH
FM DEMODULATOR

H91 PREAMPLIFIER WITH H91 TRANSDUCER
FM MODULATOR (FISH)

TOW CABLE / /

=] =

f

TOWED SOUND SOURCE

Figure 1. Diagram of H91 Monitor Hydrophone System in Use at Sea






FM WIRE PAIR

PIEZOELECTRIC PREAxl:h'F'ER RECEIVER WITH 5. _MONITOR
SENSOR FM MODULATOR € — — — — — — — FM DEMODULATOR SIGNAL OUT
OPT. GAIN CONTROL
TOW CABLE

Figure 3. Block Diagram of the H91 System

The H91 hydrophone is a piezoelectric ceramic sensor potted in a hydrodynamically shaped
polyurethane casing and towed behind the source projector. A shielded hydrophone cable
(typically 3 m long) connects the hydrophone to the H91 preamplifier assembly. The pre-
amplifier contains circuitry that conditions the hydrophone output signal and changes it to FM.
Power for the preamplifier is supplied by the shipboard H91 receiver. This receiver filters and
demodulates the FM signal from the H91 preamplifier. The system operates on a wire pair in the
tow cable.

The preamplifier has three built-in gains available: -20 dB, 0 dB, and +20 dB. The sensor

nominal free-field voltage sensitivity (FFVS) is -201 dB re 1 V/zPa. The SPL range handled by
the H91 system is shown in table 1.

Table 1. H91 SPL Range vs Preamplifier Gain

Preamplifier Gain FFVS SPL Range Output Level at
(dB) (dB re 1 V/uPa) (dB re 1 uPa) Receiver (dB V)
+20 -181 +127 to +187 -54 to +6

0 -201 +167 to +207 -34 to +6
-20 -221 +187 to +227 -34 to +6

The three preamplifier gains shown in table 1 can be selected remotely at the receiver if a
third conductor is available in the tow cable. Otherwise, the user specifies which gain is required
for the application, and that gain is fixed in the delivered system.

Each H91 system, (hydrophone, preamplifier, and receiver) is calibrated as a unit at the

USRD. Interchanging H91 system components is not recommended because doing so could
affect system calibration.
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2.1 HYDROPHONE ASSEMBLY

The hydrophone assembly, or fish, is designed to be towed a fixed distance behind the
projector. This arrangement decouples the fish from the projector structure and places it in the
farfield" for most projectors. The streamlined shape of the hydrophone assembly gives it
hydrodynamic stability and mechanical isolation from the projector. The sensor has an
omnidirectional directivity pattern in all planes. Figure 4 shows the components of the assembly
(not drawn to scale).

The omnidirectional sensor element is centered on the X-axis (pitch) and Y-axis (heading) of
the assembly and is placed 16.6 cm from the cable/potting interface on the Z-axis. Figure 5is a
photograph of the encapsulated sensor.

SENSOR

N / SWAGED FERRULE
/ CABLE ASSEMBLY
X POLYURETHANE

POTTING

Figure 4. Sketch of Hydrophone Assembly or Fish












3. CONSTRUCTION

3.1 HYDROPHONE SENSOR ELEMENT ASSEMBLY

The sensor element (shown in figure 8, but not drawn to scale) consists of two Navy Type I’
PZT hemispheres joined with epoxy to form a spherical element. The inner electrodes, i.e., the
inner surfaces of the two hemispheres, are connected in parallel to form the sensor high side.
Similarly, the outer electrodes are connected in paraliel to form the sensor low side. The inner
electrode wire is brought out through a small hole drilled through the apex of one hemisphere.
Epoxy at the site of this hole provides a hermetic seal.

INNER ELECTRODE

$

/ 20\

CABLE ASSEMBLY . ~ <

- (2) TYPE 1 HEMISPHERES
\ - EPOXIED TOGETHER

OUTER ELECTRODE

Figure 8. Detail of Spherical Sensor

3.2 HYDROPHONE BODY ASSEMBLY

Construction of the hydrophone assembly entails preparation of the electrical cable, electrical
connection of the sensor to the cable, priming of the cable and sensor in preparation for potting,
mounting of the assembly in the potting mold, and potting of the assembly.

The cable is prepared by trimming insulation from the leads. The bare leads of the coaxial
cable are then soldered to the sensor. For correct polarity, the inner electrode wire is soldered to
the coaxial center conductor and the outside electrode wire is connected to the coaxial shield.
Type CO-03MOF cable* is used because of its relative strength. The sensor is attached to the
cable using cured sections of PRC 1538° polyurethane as supports. Type PR 420° primer is used
to prime metal parts, and the rubber cable jacket is primed with PR 1523°.
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3.3 PREAMPLIFIER AND HOUSING

The preamplifier housing material is type 316 stainless steel and is designed to withstand
hydrostatic pressures higher than system requirements. The metal housing provides an
electrostatic shield for the preamplifier circuitry. The housing is rugged and highly resistant to
saltwater corrosion. The outer surface is covered with a butyl rubber sleeve that provides both a
good mounting surface and decoupling from projector vibrations. O-rings are mounted on each
connector to seal the housing against water intrusion, while permitting easy removal of the
preamplifier for maintenance. The preamplifier is held in position by connector jacks mounted
on each end of the printed circuit board.

3.4 CABLE ASSEMBLY

A USRD-designed type C0-03MOF cable is used to connect the preamplifier to both the
sensor and the tow cable. A 3-m-long cable connects the sensor to the preamplifier input, and a
1-m-long cable connects the preamplifier output to the tow cable. Figure 10 shows the cabling to
the preamplifier (not drawn to scale).

SENSOR PREAMPLIFIER
LOWLEAD FERRULE
HIGH LEAD
CO-03MOF CABLE P;}LUGS
HIGH
Low
GAIN

Figure 10. Cable Assembly Diagram
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4. SYSTEM TECHNICAL DISCUSSION

4.1 SENSOR ELEMENT

A Navy Type I, piezoceramic hollow sphere was chosen as the sensor element for the H91
monitor hydrophone because its geometry exhibits a flat frequency response, is omnidirectional,
and has good sensitivity over the required bandwidth. The sensitivity is stable within 2 dB to a
depth of 152 m.

Even though the theory and analysis of a spherical acoustic sensor have been well
documented in previous USRD reports,s'11 several important topics are reviewed in this section.
The important parameters that determine the overall operational response of a spherical
hydrophone sensor are

e FFVS,

o diffraction,

e resonance frequency,

e capacitance,

¢ low-frequency cutoff, and

e static pressure and temperature capability.

4.1.1 Free-Field Voltage Sensitivity

The operational frequency range of the H91 system is 10 Hz to 10 kHz, which is within the
flat region of the FFVS response curve of the spherical sensor (figure 12). The sensor is
sensitive to frequencies exceeding 100 kHz, but the H91 electronics limit the system response to
10 kHz.

H91 FFVS
—1808- - s B - a A
&
2
>
E - = 0Pt = 64
@
a
220 g &
10 100 110° 1-10*
FREQUENCY (HZ)
-5 +20 DB GAIN POSITION
-~ 0DB GAIN POSITION
-~ .20 DB GAIN POSITION

Figure 12. H91 Typical FFVS
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Theoretical calculation of the static sensitivity for the spherical sensor yields a value of
-199.2 dB re 1 V/pPa. This result is valid at frequencies above the low-frequency cutoff and
below resonance. For the H91 system, this bandwidth overlaps the desired 10 Hz-10 kHz
operational range. Deta.lls on developing an equivalent circuit model for a thin-walled sphere are
given by Timms et al’

4.1.2 Resonance Frequency

The resonance frequency of a thin-walled sphere greatly influences its overall frequency
response. The resonance frequency is inversely proportional to the size of the sphere. The
sphere must be small enough to place its resonance frequency well above the operational
bandwidth. The theoretical resonance frequency for the H91 sensor was calculated to be 79.8
kHz using the technique of Jenne and Ivey.7 That frequency is well above the 10-kHz bandwidth
of the H91 system.

4.1.3 Diffraction

At high frequencies, where the dimensions of the sensor are no longer small compared with
a wavelength, a phenomenon called diffraction occurs.'® Diffraction causes a rolloff in the
sensor FFVS between the flat portion of the curve and the resonance peak. The magnitude of the
diffraction effect depends on the size and shape of the hydrophone sensor and varies with the
acoustlc sound field. The computed diffraction for the sensor type used in the H91 is given by
Ivey’ and Henriquez.'® This effect occurs well above the 10-kHz bandwidth of the H91 system.

4.1.4 Low-Frequency Cutoff

Low-frequency cutoff is the frequency at which the sensor FFVS has fallen 3 dB below the
flat pomon of its curve. Below the low-frequency cutoff, the response falls at a rate of 6 dB per
octave.>® The sensor low-frequency cutoff is a function of its blocked capacitance and
resistance together with preamplifier input impedance. For the H91 sensor, this value is below 1
Hz.

4.1.5 Capacitance

Sensor capacitance is a very important electrical property to consider when designing a
piezoceramic sensor. Capacitance is closely linked with other design parameters in meeting key
system requirements. If sensor capacitance is too low, a significant fraction of its output voltage
can be lost because of loading by the cable and preamplifier. This voltage loss can be overcome
somewhat by increasing preamplifier input impedance. However, this procedure often leads to
other problems such as unwanted noise and coupled interference.

14



Tims et al.’ By using the dimensions of the H91 sensor, a nominal capacitance value of 5000 pF
can be predicted.

The equivalent noise pressure of a hydrophone system is dependent on the capacitance of the
hydrophone sensor. Equivalent noise pressure decreases with increasing sensor capacitance
because sensor impedance decreases with increasing capacitance. Because the noise sources in
the front-end of the preamplifier work into this impedance, their effect is reduced if the impedance
is lowered. An excellent discussion of hydrophone noise is given by Tims."? Because the SPL
field monitored by the H91 is typically very strong, noise is generally not an important issue.

4.1.6 Static Pressure and Temperature Capability

For the H91 sensor, sensitivity of FFVS to static pressure changes is negligible at typical
towing depths. The hollow ceramic sphere can be subjected to a change in static pressure of 0 to
10,000 psi with a change in FFVS of less than 3 dB. A detailed discussion of the theory of FFVS
sensitivity to static pressure is discussed by Jenne and Ivey.’

The H91 sensor also exhibits negligible change in sensitivity over a temperature range of
0to 30°C.°

4.2 PREAMPLIFIER AND RECEIVER
4.2.1 Hydrophone Preamplifier Design
Figure 13 is a block diagram of the H91 hydrophone preamplifier, which is the interface

between the acoustic sensor and the shipboard receiver. In figure 13, the sensor input is at the left
and the tow cable is at the right.

VOLTAGE | LOW-PASS
DCPOWER  <—— ReGULATOR FILTER
FM: 1 VRMS

200 +/- 50 KHZ MAX
Sweur D FM HIGH-PASS' 2
INPUT 0/20 DB 0/20 DB : 2

— , MODULATOR FILTER
ATTENUATOR BUFFER AMP D DRIVER |
TOW CABLE
SIGNAL INPUT: TO RECEIVER
20 MV - 20 VRMS GAIN CONTROL
10 HZ - 10 KHZ

Figure 13. H91 Preamplifier Block Diagram
15



The low-level signal from the sensor is brought to the preamplifier on the coaxial member in
the C0-03MOF cable. The preamplifier buffers this signal and provides optional 20-dB gain or
attenuation, as explained below. A modulator then converts the signal from a varying voltage to
a varying frequency. This FM signal is then amplified, filtered, and sent up to the receiver. The
preamplifier FM output uses a spare wire pair or coaxial cable within the tow cable. The
preamplifier dc power is supplied by the receiver on the same wire pair.

Because of the long cable lengths sometimes encountered in H91 applications, dc power is
supplied to the H91 preamplifier by means of a constant current rather than by a constant
voltage. A regulated 30-mA supply current is developed in the receiver and sent down the wire
pair that carries the FM signal.

The high-pass filter shown in figure 13 prevents audio crosstalk on the cable from affecting
the FM output stage. Similarly, the low-pass filter excludes crosstalk from the voltage regulator
stage. These filters also separate the dc input and FM output signals. The subject of crosstalk is
covered in section 4.3. _

4.2.2 Preamplifier Gain Control

Preamplifier gain can be fixed, via jumpers, at either +20, 0, or -20 dB. Table 1 shows the
ranges of SPL, end-of-cable FFVS, and output level available with these preamplifier gains. For
fixed gain operation, only the single wire pair in the tow cable is required. If a third conductor is
available, however, that conductor can be used as a gain control line, and each of the three gains
can then be selected remotely at the receiver. A rotary switch on the receiver places +12, 0,
or -12 Vdc on the gain control line to select a preamplifier gain of +20, 0, or -20 dB,
respectively. (Other customized preamplifier gains are available.)

4.2.3 FM Signal Bandwidth

The output from the preamplifier FM modulator is a 1-Vrms, 200-kHz triangle wave called
the carrier. The FM modulator changes (deviates) the carrier frequency in response to an input
signal. If no input signal is present, the modulator output is simply the 200-kHz triangle wave.
However, when a full-scale 2-Vrms signal is applied to the modulator, the carrier frequency is
deviated by +50 kHz. Inputs between these two extremes cause proportionally less deviation of
the carrier. Note that the rate at which this carrier deviation takes place is equal to the frequency
of the acoustic signal.

When modulated, the FM output signal becomes a very complex waveform. This complex
signal must be analyzed in the frequency domain to determine its bandwidth. When this analysis
is done,' one finds that the FM signal consists of many pairs of sidebands positioned
symmetrically about the 200-kHz center frequency. In theory, there are an infinite number of
these sideband pairs. However, the magnitudes of the higher order sidebands are negligibly
small, and the effective bandwidth of the FM signal is finite.
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To estimate the bandwidth of the FM signal, one must decide which sidebands are important
and which are negligible. A commonly used guideline, known as Carson’s Rule, ™ states that the
significant sidebands lie within a bandwidth of

Je £ (fm + fa), ()

where fc is the 200-kHz carrier frequency, fm is the modulation rate, and fd is the deviation
frequency. The sidebands neglected by Carson’s Rule account for less than 1 percent of the FM
signal power.

As stated earlier, fm is equal to the acoustic signal frequency (10 Hz to 10 kHz), and fd is 0
to 50 kHz. From equation (1) the maximum FM bandwidth occurs for fm = 10 kHz and
fd = 50 kHz; that is, when the preamplifier modulator input signal is at maximum frequency and
amplitude. For this case, the FM bandwidth lies (approximately) within

200 + (10 + 50) kHz. )

Restated, the maximum FM bandwidth, BW .., extends from about 140 kHz to 260 kHz, a total
range of 120 kHz; that is,

BWhax = 2(fMmax + fdmax). 3)

The hydrophone wire pair within the tow cable must be capable of carrying signals of 140 to 260
kHz with minimal cable loss. Because these frequencies are high, a coaxial cable is recommended
for the FM wire pair.

4.2.4 Self-Noise

All electronic systems are subject to unwanted noise. In the H91 system, noise signals are
generated internally by the motion of electrons in the preamplifier and receiver circuitry. This
self-noise tends to be broadband and low level.

The H91 system is also subject to strong interfering signals in the tow cable. These signals
are coupled into the hydrophone wire pair resulting in the phenomenon called crosstalk. The
strongest interfering signal is typically the drive voltage to the projector. The subject of crosstalk
is covered in section 4.3. The present discussion deals only with self-noise.

The signal-to-noise ratio in an FM system is dependent on the level of the carrier, the level of
the noise, and the modulation index 8. Bis simply the ratio of fd to fm shown as

B=fdlfm. 4)

Acoustic signal frequency fm varies from 10 Hz to 10 kHz in the H91 system. Modulator
output frequency fd varies from 0 to 50 kHz as the modulator input goes from no signal to a full
2 Vrms. Therefore, the value for 5 can be as large as 5000 or as low as 0 in the H91 system.
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Assuming that the level of the carrier at the receiver is high compared with the noise (the
usual case), it can be shown" that the signal-to-noise ratio at the receiver output is proportional
to 42 This relationship means that the best quality audio output from the receiver will be
obtained for the highest values of f. Because fm is the acoustic signal frequency and fd is
proportional to SPL, large moderate-frequency acoustic signals are processed more cleanly in the
H91 system than are small high-frequency signals.

In the unusual case where the carrier level at the receiver is not high compared with the
system noise, the signal-to-noise ratio at the receiver output decreases. This decrease is the result
of information in the FM signal being conveyed by the frequency of the carrier, i.e., the number of
zero crossings per unit time. In the limit, if noise swamps the carrier, the carrier frequency can
become indeterminate. To maximize the carrier level at the receiver, low-loss cable should be
used for the FM wire pair. The H91 specification (see the appendix) requires that the attenuation
of the FM wire pair not exceed 30 dB at 300 kHz.

It must be stressed that the H91 system is not intended for ambient noise measurements
where signal levels are small. (The USRD offers other standard hydrophone systems for
measuring ambient noise.) The H91 system is designed to monitor strong, low-frequency acoustic
fields. To maximize the output signal-to-noise ratio, the gain of the H91 preamplifier should be
set as high as possible for each H91 application. Table 1 shows the SPL range appropriate for
each preamplifier gain.

4.2.5 Receiver Design

Figure 14 is a block diagram of the receiver. The receiver (1) interfaces with the “dry end”
of the tow cable, (2) provides power to and demodulates the FM signal from the H91 hydrophone
preamplifier, and (3) provides optional operator control of the preamplifier’s gain. In figure 14,
the tow cable enters at the left and the demodulated audio is output at the right.
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The incoming FM signal is about 1 Vrms for a short tow cable, but it could be at a much
lower level if the cable is very long. As described in the previous section, the FM signal is a 200
kHz carrier deviated in frequency to a maximum of £50 kHz. A full-scale deviation of 50 kHz
corresponds to an audio output of 2 Vrms.

The wire pair carrying the FM signal also carries a constant 30-mA supply current to the
H91 preamplifier. Depending on the length of the tow cable, this constant supply current results
in a dc level at the receiver input of +16 to +32 Vdc. A high-pass prefilter stage blocks the dc
from the FM signal path. An opened or shorted FM wire pair condition is detected and indicated
by front panel indicator lamps.

High levels of audio crosstalk may be coupled into the hydrophone wire pair in the tow
cable as a result of a high-drive voltage for the projector on nearby conductors in the cable. The
low-pass and high-pass filters at the receiver/cable interface are designed to significantly
attenuate such crosstalk.

After being filtered, the FM signal passes through a 40-dB amplifier/limiter stage, which
eliminates all amplitude variation by boosting and clipping. The resulting FM from the limiter is
essentially a square wave at +0.7 V peak-to-peak (pp) and is passed to the demodulator stage.

The demodulator extracts the original audio signal from the FM, i.e., the output of the
hydrophone preamplifier prior to modulation. However, the demodulator output also contains
strong carrier components, which are removed by a 4-pole, 14-kHz low-pass filter, providing a
clean recovered audio signal. This stage also serves as an output buffer. An internal adjustment
allows the full-scale output to be trimmed to 2 Vrms for a full-scale input deviation of +50 kHz.
Outputs exceeding 2 Vrms are detected, illuminating a front panel overload lamp.

A lock detector circuit compares the input to the demodulator stage with an internal
quadrature signal in the demodulator. When these two signals are in phase, the demodulator is
locked onto the FM carrier. This condition is displayed on the front panel lock indicator lamp.

All the circuitry described so far operates solely on the two-conductor hydrophone wire pair.
If a third wire is available in the tow cable, the user can control the hydrophone preamplifier gain
at the receiver with a simple three-position switch that places a dc level on the gain control wire.

A calibration circuit in the receiver allows a calibration signal to be sent to the H91
hydrophone, providing a nonacoustic means of testing the H91 system. The calibration circuit is
normally used only by USRD personnel in the process of adjusting or repairing an H91 system.
A special, short test cable with extra conductors for the calibration signal is required.

Nonacoustic calibration is not accurate when the H91 system is used with a long tow cable.
Even when additional wires are available in the tow cable for the calibration signal, part of the
signal is shunted by the capacitance of the long cable and does not reach the hydrophone
preamplifier. However, for benchtop tests using a short test cable, the calibration circuit is
accurate and useful.
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4.3 CROSSTALK

Crosstalk is a significant problem when a projector drive signal and a hydrophone output
signal share a common tow cable. This problem arises from the proximity of the hydrophone
conductors to the projector drive wires in the tow cable and the high drive signal on the projector
wires relative to the small hydrophone output. It is inevitable that in this situation part of the
drive signal is impressed directly onto the hydrophone signal via unwanted coupling in the cable.
Unwanted coupling causes a serious problem: crosstalk signals and normal hydrophone output
signals cannot be distinguished because they are at the same frequency.

This section discusses the mechanism by which crosstalk in a tow cable occurs, describes
laboratory measurements of crosstalk in a sample length of a typical tow cable, and shows how
the H91 system is designed to overcome the crosstalk problem. Additional laboratory
measurements, which demonstrate the H91 crosstalk rejection capability, are described.

4.3.1 Theory

Figure 15 shows two lossless conductor pairs in proximity and is a simplified representation
of the coupling that can exist in a typical tow cable.
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[
; * ——
] |
;& } }
|
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|
— —e

Figure 15. Simple Coupling Between Two Pairs of Electrical Conductors

In figure 15, Vi represents a strong signal using the top wire pair to drive load RL. RS
represents the source impedance of Viv. The bottom wire pair is connected to low-valued
termination resistors, which, ideally, should receive none of the drive signal. However, because
the wire pairs are long and close to each other, they are coupled by capacitances C1 and C2.
Resistor RC represents insulation resistance between the low side of each wire pair. Although the
component values in figure 15 are somewhat arbitrary, they approximate conditions observed in
some tow cables. Figure 16 shows the voltage that is coupled to RT2 in the circuit shown in
figure 15.
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The C0-05MOF cable was uncoiled from its spool and stretched around the building for
these crosstalk measurements. It was important to uncoil the cable for the tests because a coiled
multiconductor cable has different conductor-to-conductor crosstalk from one that is laid straight.
In a coiled cable, each cable loop is inductively coupled to adjacent loops; this condition does not
exist with an uncoiled length of cable. Care was also taken not to wrap the cable back onto itself
because doing so reduces crosstalk through inductive cancellation.

The first test (test 1A), shown in figure 17, measured crosstalk onto the coaxial member
using the R-G pair of unshielded conductors for the drive signal. The R-G pair was terminated in
10 oF to represent a piezoelectric projector. The drive signal V1 was set to 100 Vrms. Each end
of the coaxial cable was terminated in 50 ohms and coupled voltage V2 was sensed at one
termination as shown. Frequency was swept from 100 Hz to 10 kHz while the ratio V2/V1 was
measured and plotted in decibels. V1 was attenuated by 60 dB and V2 was boosted by 20 dB to
accommodate the voltage limits of the analyzer. These factors were compensated for when the
data were plotted.
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Figure 17. Crosstalk Test 14:
Driven Wire Pair Unshielded, Receptor Wire Pair Shielded, H91 Omitted
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The second test (test 2A), shown in figure 18, measured crosstalk using the R-G pair of
unshielded conductors for the drive signal and the W-G pair of unshielded conductors for the
received signal. The driven and receptor wire pairs were terminated in the same way as for the
first test. The ratio V2/V1 was again measured and plotted in decibels over frequency. In this
case, coupled voltage V2 was more than 6 dB higher than for the first test. Therefore, V2 was
only boosted by 14 dB before input to the analyzer.
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Figure 18. Crosstalk Test 2A:
Driven Wire Pair Unshielded, Receptor Wire Pair Unshielded, H91 Omitted
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The results of these two tests are shown in figure 19. As expected, the crosstalk increased
with frequency. However, the crosstalk levels measured in test 1A were lower than those of test
2A. This result is not surprising considering test 1A used shielded coaxial cable as the receptor
* ‘wire pair, and test 2A used unshielded conductors.
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Figure 19. Results of Crosstalk Tests 14 and 2A

By using the information in figure 19, worst-case crosstalk levels for a 1084-foot C0-05SMOF
tow cable can be estimated as follows. Maximum crosstalk occurs at 10 kHz and is about -50 dB
for an unshielded hydrophone wire pair and -56 dB for a shielded (coaxial) hydrophone wire pair.
Projector drive voltage V1 can be as high as 1000 Vrms (60 dB V) in practice. Thus, one could
expect 60 dB V - 50 dB, or 10 dB V, of unwanted 10 kHz audio coupled onto the unshielded
wire pair. This amount is equivalent to 3.2 Vrms. Coupling onto the coaxial cable would be
about 6 dB lower (1.6 Vrms).

A 20,000-foot tow cable would have roughly 18.5 times more capacitive coupling between
the projector and hydrophone conductors and could add another 25 dB to the coupled voltage
levels calculated for a 1084-foot tow cable. Therefore, up to 35 dB V (56 Vrms) of unwanted
audio on an unshielded hydrophone wire pair in a 20,000-foot CO-0SMOF tow cable could have
been expected. If the hydrophone wire pair were shielded (coaxial), half as much coupled signal
(28 Vrms) would have been expected.

This example shows why a conventional hydrophone will not work in this application. A
hydrophone output signal, even with preamplification, is seldom more than a volt. Coupled audio
from the projector conductors in a long tow cable can be more than 50 times greater, and the
signals cannot be separated because they are at the same frequency.
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4.3.3 Laboratory Measurements of Crosstalk Using H91 System

The H91 system is designed to reject crosstalk in the tow cable through frequency
modulation of the hydrophone signal. The information in the hydrophone signal is conveyed by
the instantaneous frequency of the FM carrier. As long as this frequency can be reliably detected
at the receiver, the original hydrophone signal can be recovered. The effect of crosstalk is to
vary the amplitude of the FM carrier. As long as this amplitude variation does not affect the
zero-crossings of the carrier, there is negligible change in the recovered output signal.

To preserve the zero-crossings of the FM carrier, the H91 receiver uses heavy filtering. This
is required because, in a long cable, the carrier level can be in the millivolt range, while the
coupled audio can be more than 50 V. The high-pass filters in the receiver are designed to reject
the audio crosstalk but pass the FM signal. Similarly, a low-pass filter in the receiver rejects
audio crosstalk and passes the dc supply current to the preamplifier. The filters are designed so
that the receiver presents an impedance of 50 ohms to the hydrophone cable over the FM
bandwidth.

The H91 hydrophone preamplifier is subject to the same crosstalk levels experienced by the
receiver. Therefore, filters are included in the preamplifier cable interface to reject the crosstalk.
The high- and low-pass filters in the preamplifier (figure 13) are analogous to those in the
receiver and have the same purpose.

At the time of the crosstalk measurements (paragraph 4.3.2), the final electronics hardware
for the H91D system had not been completed. A breadboard prototype was available, however.
To assess the crosstalk rejection of the H91D system, the crosstalk tests described in paragraph
4.3.2 were repeated using the prototype breadboard. These new tests were labeled 1B and 2B,
respectively, and are described in the following paragraphs.

Test 1B, shown in figure 20, was identical to test 1A except that the H91D receiver
breadboard was included in test 1B. As in test 1A, drive signal V1 was set to 100 Vrms and
frequency was swept from 100 Hz to 10 kHz. The coaxial cable member in the C0-05SMOF
sample was used for the H91 hydrophone wire pair. A frequency synthesizer, representing the
hydrophone preamplifier, supplied a 1-Vrms, 200 kHz carrier signal to the coaxial cable. The
H91D receiver, at the far end of the cable, received and demodulated this carrier signal. Because
the carrier signal was not modulated, the H91D output, V2, should (ideally) have been zero.
However, because the coaxial cable was subject to the same crosstalk as in test 1A, a small, but
non-zero signal was detected at the receiver output. As in test 1A, V2/V1 was measured and
plotted in decibels. The result of test 1B is compared with that of test 1A in figure 21. It can be
seen that an improvement (i.e., reduction of crosstalk) of 55 to 60 dB was achieved by using the
H91D system.
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Figure 21. Results of Cable Tests 1A and 1B:
Crosstalk Using Shielded Hydrophone Cable With (Bottom) and Without (Top)
the H91 system




Test 2B (figure 22) was identical to test 2A except that the H91D receiver breadboard was
included in test 2B. In this case, the W-B unshielded conductors were used as the H91
hydrophone wire pair, over which the carrier signal was sent to the H91D receiver where it was
demodulated. V2/V'1 was again measured and plotted in decibels.
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Figure 22. Crosstalk Test 2B:
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The result of test 2B is compared with that of test 2A in figure 23. A crosstalk reduction on
the order of 60 dB was obtained by using the H91D system. In fact, the crosstalk levels of tests
1B and 2B (figures 21 and 23, respectively) are almost the same. The H91D system provided
excellent crosstalk rejection in these laboratory tests.
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Figure 23. Results of Cable Tests 24 and 2B:
Crosstalk Using Unshielded Hydrophone Cable With (Bottom) and Without (Top)
the H91 System

The droop in the crosstalk curve above 6 kHz observed in test 2B (figure 23) was
determined to be caused by a cable termination mismatch on the W-B wire pair. The impedance
of the unshielded conductors in the C0-0SMOF cable is uncontrolled and greatly different from
the controlled impedance of the coaxial cable member. A cable mismatch was not observed when
the coaxial cable was used for the carrier signal in test 1B.
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4.4 GUIDELINES FOR OPTIMUM H91 SYSTEM PERFORMANCE

Because tow cables used with the H91 systems vary from user to user, crosstalk levels
cannot be predicted for all situations. The projector drive signal will be coupled, to some degree,
into the hydrophone cable in every application. The H91 system provides good crosstalk
rejection. However, the user should observe the following guidelines to ensure optimum system
performance.

Use shielded cables, whenever possible, for both the projector and hydrophone
conductors. Both twisted, shielded pairs and coaxial cables are good, and either type is
preferred over nonshielded conductors. If only a single shielded cable is available in the
tow cable, it should be used for the hydrophone signal. Avoid using unshielded wires in
proximity to each other for both the projector and hydrophone signals.

Ensure that the cable wiring restricts projector current to the projector wire pair only. The
projector return current must never be allowed to flow on the hydrophone cable shield or
“low” conductor, because direct coupling of audio to the hydrophone cable occurs and
could damage the H91 receiver.

Select a low-loss cable for the FM wire pair to minimize attenuation of the FM signal as it
travels up the cable.

Choose a 50-ohm cable (characteristic impedance) for the FM wire pair to match the
receiver input impedance.

Ensure that the total dc resistance of the FM wire pair does not exceed S00 ohms so that
the receiver 30-mA current source operates properly.

Do not use cables that are longer than necessary and do not use projector drive levels that
are higher than necessary.

Select the highest gain for the H91 preamplifier that will avoid overdriving the system.
Refer to table 1 or the appendix to select a gain appropriate for the anticipated SPL range.
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S. OPERATIONAL CHARACTERISTICS

5.1 SENSOR ORIENTATION

The H91 sensor is oriented as a sphere in the left-hand coordinate system defined in the
American Standard Procedures for Calibration of Electroacoustic Transducers, Z24.24-1957.
Refer to figure 4 and Groves."* The geometrical center of the sensor is at the origin of the
coordinates with the longitudinal axis aligned with the Z-axis. The seams of the encapsulating
mold are used as zero-reference marks for the X- and Y-axes during calibration.

5.2 DIRECTIVITY

The HO91 transducer is omnidirectional in the XY- and XZ-planes up to a frequency of 100
kHz. Sensor construction uses few metal parts, which could interfere with the sound field. The
characteristic impedance of the polyurethane encapsulating material closely matches that of
water, ensuring acoustic transparency.

A sphere with radial polarization and displacement is theoretically omnidirectional in both
the XY- and XZ-planes. In practice, the directivity pattern deviates from this ideal as the
wavelength approaches the diameter of the sphere. This deviation is caused by imperfections
such as inconsistent polarization between sphere walls, variations in wall thickness and
hemisphere diameter, misalignment of the hemispheres, and proximity of the cable gland
assembly.

5.3 CALIBRATION

To calibrate an H91 system, a sensor/preamplifier assembly is connected to a receiver
through a 30-m test cable and attenuation network. The attenuation network simulates cable loss
and resistance in a long tow cable.

It is recommended that the delivered sensor/preamplifier/receiver combination be used as a
unit by the customer. While H91 parts are interchangeable, the system calibration is guaranteed
for only the particular components tested.

5.4 FFVS AND PREAMPLIFIER GAIN

Figure 12 shows the H91 FFVS for the three standard preamplifier gains. Table 1 shows the
appropriate gains to use for various SPL ranges to avoid overdriving the system. The highest
appropriate preamplifier gain should be chosen for a given application. If the user’s
requirements include an SPL range requiring more than one gain setting, then a third conductor
should be made available in the tow cable for gain control.
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6. SUMMARY

This report has described the theory, construction, and operation of the H91 Monitor
Hydrophone System for low-frequency towed projectors. The H91 system covers a 10-Hz to
10-kHz bandwidth and operates over a spare wire pair in the same tow cable that drives the
projector. The system design was discussed in terms of its crosstalk rejection capability.
Crosstalk rejection is achieved by filtering and frequency modulation for the hydrophone signal.

Crosstalk measurements made for a 1084-foot sample tow cable were described. Crosstalk
in the cable alone was first measured as a baseline. The tests were then repeated with the H91
system connected. Crosstalk reduction of up to 60 dB was obtained using the H91 system in
these tests.

Finally, guidelines were given for hydrophone cable selection and connections. The cable is a
crucial part of the H91 Monitor Hydrophone System and affects overall system performance. By
adhering to the guidelines provided in this report, optimal system performance can be obtained.

Earlier versions of the H91 system have been used successfully by U. S. Navy activities and
contractors for more than 10 years. The current version in development, H91D, uses a more
integrated electronics package for greater reliability and ease of maintenance.

33/34
Reverse Blank



10.

11.

12.

7. REFERENCES

R. J. Bobber, Underwater Electroacoustic Measurements, Peninsula Publishing,
Los Altos, CA, July, 1970.

C. M. Thompson and W. L. Heimer II, “Relationship Between Acoustic Properties and
Structure of Polyurethanes,” Journal of the Acoustical Society of America, 77(3), 1985,
p. 1229.

“Military Standard Piezoelectric Ceramics for Sonar Transducers,” DOD STD 1376 (SH)
U. S. Government Printing Office, Washington, DC, 1970.

Military Specification, “Cable (Power and Special Purpose) and Wire, Electrical (300 and
600 Volts),” MIL-C-3432E, 30 June 1981.

L. E. Ivey, “NRL-USRD Series F42 Omnidirectional Standard Transducers,” NRL
Memorandum Report 3969, Naval Research Laboratory, Washington, DC, May 1979
(UNCLASSIFIED). '

L. E. Ivey, “High-Pressure Piezoelectric Ceramic Hydrophone for Infrasonic and Audio
Frequencies, USRD Type H48,” NRL Memorandum Report 7260, Naval Research
Laboratory, Washington, DC, March 1971 (UNCLASSIFIED).

K. E. Jenne and L. E. Ivey, “The Sonar Certification Transducer,” NRL Memorandum
Report 6650, Naval Research Laboratory, Washington, DC, August 1990
(UNCLASSIFIED).

T. A. Henriquez, “The USRD Type F39A 1-kHz Underwater Helmholtz Resonator,” NRL
Memorandum Report 7740, Naval Research Laboratory, Washington, DC, April 1974
(UNCLASSIFIED).

A. C. Tims, T. A. Henriquez, and J. G. Williams, “A Transducer for Bottom Scattering
Measurements,” NRL Memorandum Report 5616, Naval Research Laboratory, Washington
DC, December 1985 (UNCLASSIFIED).

T. A. Hennquez, “Diffraction Constants of Acoustic Transducers,” Journal of the Acoustical
Society of America, 36(2), 1964, pp. 267-269.

A. C. Tims and C. K. Brown, “Versatile Experimental Kevlar Array Hydrophones: USRD
Type H78,” NRL Report 8288, Naval Research Laboratory, Washington, DC, April 1979
(UNCLASSIFIED).

A. C. Tims, “Hydrophone Preamplifier Optimization - Prediction of Hydrophone Self-Noise

by a Noise Model,” NRL Report 8180, Naval Research Laboratory, Washington, DC,
March 1978 (UNCLASSIFIED).

35



13. F. G. Stremler, Introduction to Communication Systems, Addison-Wesley Publishing Co.,
Reading, MA, December 1982.

" 14. L D. Groves, Jr., “A Hydrophone for Measuring Acoustic Ambient Noise in the Ocean at

Low Frequencies (USRD Type H62),” NRL Memorandum Report 7738, Naval Research
Laboratory, Washington, DC, April 1974 (UNCLASSIFIED).

36



APPENDIX

SYSTEM SPECIFICATIONS

The specifications given below are for the latest version (H91D) of the H91 system. If the
system is to be operated at fixed gain, the user should ensure that the anticipated SPL range is
within the limits shown for the specific gain chosen. Other customized gains are available.

Please note that the H91 system is designed for monitoring reasonably strong sound fields.
The system is not intended for ambient noise measurements or other applications where signal
levels are extremely low. Please contact the USRD if a noise-measuring hydrophone system is

required.

H91 System Components:

Sensor Sensitivity:

Hydrophone Preamplifier Gain:

SPL Range for Preamplifier Gain of:

Bandwidth:
Preamplifier Supply Current:

FM Carrier:

Receiver Input Impedance:

Receiver Output, Full Scale:

Receiver Output Noise:

Receiver Power Requirement:

Crosstalk Rejection:

(1) Sensor Assembly

(2) Preamplifier Assembly
(3) Receiver

-201 dB, nominal, re 1 V/uPa

20, 0, or -20 dB - selectable

20 dB 127-187dBre 1 pPa

0dB 167 -207 dBre 1 puPa
-20dB 187-227dBre 1 pPa
10 Hz - 10 kHz

30-mA dc, nominal, from receiver on FM wire pair

1-Vrms, 200-kHz triangle wave into 50 ohms
+50-kHz deviation for full-scale output

50 ohm nominal over FM bandwidth
300 ohm maximum, 10 Hz - 10 kHz

2 Vrms (6-dB V) for +£50-kHz input modulation

-120-dB V/+/Hz (maximum)
100 Hz - 10 kHz for zero-input modulation

120 Vrms, 60 Hz, 250 mA

30 dB (minimum)



Directivity Pattern:

Tow Velocity:
Hydrostatic Pressure:
Operational Temperature:
Tow Cable Requirement:

Conductors:

dc Restistance:

Attenuation of FM wire pair:

Omnidirectional
15 knots (maximum)
470 psi (maximum)

0to 30°C

FM Signal - two wires (50-ohm coaxial recommended)
Remote Gain Selection - one additional wire

500 ohms (maximum), FM and gain control conductors
(high conductor plus return conductor)

30 dB (maximum) @ 300 kHz



INITIAL DISTRIBUTION LIST

Addressee No. of Copies

Naval Research Laboratory, Washington (Code 7100 -- E. Franchi,
Code 7127 -- J. Berkson, Code 7130 -- J. Bucaro, Code 7135 -- R. Corsaro,

Code 7136 -- B. Houston) 5
Naval Research Laboratory, Stennis (Code 7174 -- R. Love,

Code 7351 -- G. Landrum, R. Mang, Code 7431 -- D. Lambert) 4
Naval Postgraduate School (Technical Library) 1
Space and Naval Warfare Systems Command (PMW182) 1

Naval Sea Systems Command (SEA418321 -- J. Neely, SEA63E, SEAO6F3P,
SEA06U2, SEA06U24 -- J. Martin, PMS390TC -- R. Muckenhern,
PMS396A3 -- J. Papageorge, PMS402C1 -- M. Bozak, PMS4253 -- R. Dostie,

USW(A) -- T. Douglass, G. Papdakis) 11
Naval Undersea Warfare Center Division, Keyport (Code 5741 -- S. Babcock, T. Cox,

J. Jurgens) 3
Naval Undersea Warfare Center Detachment, West Palm Beach

(Code 3836 -- A. Kanel, T. Leo) 2
Naval Surface Warfare Center, Carderock Division, Bethesda

(Code 7451 -- J. Blubac) 1
Naval Surface Warfare Center, Dahlgren Division, Silver Spring (W. Phelps) 1
Naval Surface Warfare Center, Coastal Systems Station (Code 130B -- R. Ball,

M. Lester, D. Suiter, Code 130 -- D. Todcroff) 4
Naval Surface Warfare Center, Crane (Code 70 -- T. Peter, Code 7051 -- B. Davis,

Code 7053 -- R. Farrell, W. Koeper, Code 7054 -- C. Minks) 5
Naval Surface Warfare Center, Carderock Division, Bremerton

(Code 7110 -- M. Bass, R. Rickerson 2
Naval Surface Warfare Center,Carderock Division, Annapolis

(Code 842 -- J. Clemens, Code 843 -- J. Goldring) 2
Naval Surface Warfare Center, Carderock Division, Memphis

(Code 5102 -- K. Edens) 1
Naval Surface Warfare Center, Cape Canaveral (Code 733 -- M. Stewart) 1
Naval Submarine Medical Research Laboratory (P. Smith, R. Smoth) 2
Pearl Harbor Naval Shipyard (Code 950 -- A. Willing) 1

Dist-1



Addressee No. of Copies

Portsmouth Naval Shipyard (Code 1212.2 -- R. Bellerose) 1

Naval Command Control and Ocean Surveillance Center (Code 315 -- D. Carder,
Code 6333 -- G. Hunsaker, Code 711 -- E. Rynne, Code 714 -- G. Davis,

Code 846 -- W. Starling, Code 983 -- L. Orieziek, Code W212 -- G. Urie) 7
Naval Air Warfare Center, Warminster (Code 4033 -- P. Shaw,

Code 4554 -- R. Coughlin) 2
Naval Air Warfare Center, Key West 1

Naval Oceanographic Office, Stennis (Code N3111 -- J. Cape, S. Harrison,
M. Jarrett, Code N511 -- K. Tran, Code N512 -- C. Whittaker, D. Bourgois)

U.S. Naval Academy (Code M/S 9C -- M. Korman)

U.S. Ammy Corps of Engineers (R. McGee)

Supervisor of Shipbuilding/Bath, Pascagoula (Code 150T -- L. Cousins)
Supervisor of Shipbuilding/Bath, Bath (J. Untersher, R. Thiebeault)
U.S. Department of Commerce, Woods Hole (D. O’Brien)

Center for Naval Analyses

Defense Technical Information Center

Air-Mar Technology (E. Huang)

Alden Research Laboratory (T. Cook)

Alliant Techsystems, Inc. (J. Bertoldi)

Allied-Signal Aerospace Company (W. Stanford)

American Scientific (L. Gerken)

N = = N = e e ON

Applied Measurements Systems, Hollywood (B. Douglas)
Applied Measurement Systems, Bremerton (R. Rickerson)
Lucent Technologies (P. Elliot)

AT&T Support Facility (P. Fitzgerald)

Atlantic Applied Research Corporation (N. Brown)
AUTEC Range Services (R. Elliort, T. Leo)

BBN Systems & Technologies, Cambridge (J. Trischitta)
BBN Systems & Technologies, New London (J. Mazurek)

N'—l'—l)—l'—l)—l)—l)—l'—l'—l'—l

N =

Benthos Incorporated (T. Degroot, B. Mayo)

Dist-2



Addressee

'B. F. Goodrich Company (S. Caprette)

C.S. Draper Laboratory Incorporated (L. Durrant)
Dukane Corporation (T. Greenacre)

EDO Western Corporation (L. Campbell, M. Gwynn)
Frequency Engineering Labs (P. Schema)

General Dynamics Corporation (A. Beebe)
Gréenridge Sciences Incorporated (C. Greene)
Hawaii Institute of Marine Biology (W. Au)

Harris Corporation (E. Bryant)

Hazeltine Corporation (W. Holmberg)

International Transducer Corporation (W. Bunker)
Klein Associates Incorporated (J. Tedder)

Litton Systems Incorporated (M. Sylvia)

Lockheed Martin (M. Lehman, R. Morganti)

Marine Acoustics (W. Ellison)

MASSA Products Corporation (D. Massa)

Nimrod Engineering Technology (D. Myers)
Northrup-Grumman Incorporated, Annapolis (R. Geib)

Northrup-Grumman Incorporated, Cleveland (W. Waryus)

Precision Acoustic Systems (A. Wirtz)

Raytheon Company, Portsmouth (W. Brailey, R. Grenier, A. Guberski,

R. Hennebury)
Rockwell International (A. Anstead, L. Christman)

Science Applications International Corporation (L. Delhom, N. Gholson)

Seabeam Instrument Corporation (G. Bohnenberger)
Sommer Consulting (K. Sommer)

Sonalyst Incorporated (W. Moleski)

Sonatech Incorporated (D. Norris, R. Rogers)

No. of C

p—

—_— = e = N e

.—N.—a.—a.—a.—a.—a

—

- NN b

—

opies

Dist-3



Addressee

Sparton Corporation, Jackson (D. Blackgrove)

Sparton Electronics, DeLeon Springs (W. Holmes)

Texas Research International Austin (T. Aloi)

TRACOR Applied Sciences Incorporated, San Diego (C. Greenlaw)
TRACOR Applied Sciences Incorporated, Austin (B. Telle)
Vector Research Company (D. Hackenberg)

Woods Hole Oceanographic Institute

C-Tech Limited (J. Gilbert, R. Piche)

California State University (T. Eguchi)

Cornell University (A. Frankel)

Florida Atlantic University (E. Gerstein)

Georgia Institute of Technology (P. Rogers)

Johns Hopkins University (E. Harris, J. Hillier)
Pennsylvania State University (J. Hughes, J. Welz)
University of California, Santa Cruz (R. Schusterman)
University of California, San Diego (W. Hodgkiss)
University of Delaware (M. Badiey)

University of Hawaii, Kewalo Basin Marine Laboratory (A. Frankal,
L. Herman)

University of Hawaii, Hawaii Institute of Geophysics (S. Zisk)
University of Illinois (W. O’Brien)

University of Miami (S. Cummings)

University of Mississippi (A. Kolaini)

University of Texas (R. Ward)

University of Washington (A. Silcoloumb, G. McGlasson)
Washington University (P. Martson)

Dist-4

No. of Copies

[S—

—_— = NN

[S—

.—IN)—A)—A



